Introduction
Obesity and, in particular, excess abdominal fat are risk factors for Type 2 diabetes, insulin resistance, and cardiovascular disease. The increasing incidence of obesity in some populations threatens to result in increases in these other serious conditions, with a resultant substantial impact on public health. Weight loss efforts have been largely unsuccessful to date. The identification of genes responsible for obesity or related phenotypes may facilitate the development of targeted weight loss programs or new pharmaceuticals for the treatment of obesity.
Abdominal fat depots are influenced by genetic factors as evidenced by published heritability estimates of 48-56% for abdominal visceral fat 1, 2 and 42% for abdominal subcutaneous fat, 1 after adjusting for total fat mass. Results from two recent whole genome scans have been inconsistent, suggesting that total fat mass-adjusted abdominal subcutaneous fat is linked to regions on chromosomes 3, 4, 11, and 14 in African-Americans 3 and to regions on chromosomes 1, 4, 7, 9, 12, 13, and 17 in Caucasian families from Quebec. 4 To date, no linkage studies have been reported for computed tomography (CT)-determined abdominal visceral or subcutaneous fat in Hispanic-Americans.
In this study, a genome scan was conducted for phenotypes related to obesity. Analyses of the phenotypic and genetic data were performed using a nonparametric genetic variance component approach. These analyses identified potential quantitative trait loci (QTLs) that contribute to the variation in obesity and abdominal adiposity. Moreover, we attempted to differentiate between QTLs involved in overall obesity and those involved in the propensity to store fat in the abdomen.
Methods

The Insulin Resistance and Atherosclerosis (IRAS) Family Study
The IRAS Family Study is designed to study the genetic epidemiology of insulin resistance and abdominal adiposity. 5 Three clinical sites recruited and examined members of large families of Hispanic (San Antonio, TX, and San Luis Valley, CO, USA) or African-American ethnicity (Los Angeles, CA, USA) over a 2.5 y period (2000) (2001) (2002) . Probands were identified from the IRAS cohort study sample, which was evenly distributed with normal glucose tolerant, impaired glucose tolerant, and Type 2 diabetic subjects. 6 Initial screening of families was based on a self-reported large family structure on the IRAS cohort family medical history questionnaire. Family ascertainment was also supplemented with non-IRAS families, recruited from the general population. Ascertainment of families was not based on obesity phenotypes. All participants in the IRAS Family Study were characterized with regard to their medical history, health behaviors, and demographic features by interviewers trained and monitored centrally. The medical history provided an assessment of current health status and clinical conditions, particularly Type 2 diabetes and its complications, hypertension, and CVD events (coronary, cerebral, and peripheral vascular disease) and procedures (bypass, angioplasty, and endarterectomy).
Plasma glucose and insulin values were obtained using standard methods from a fasting blood draw. Diabetes status was determined using ADA criteria from fasting samples.
Measurement of obesity phenotypes
The CT evaluation for estimating visceral and subcutaneous fat consisted of a single scout of the abdomen followed by two 10 mm thick axial images. Axial images were obtained at the L2-L3 and L4-L5 disc spaces, using a common protocol. CT images were transferred to magnetic tape and sent to a centralized CT reading center at the University of Colorado Health Sciences Center for analysis. The CT reading center provided initial training as well as continuous technical support and quality control for CT image data transfer and data analysis. The phenotypes of visceral adipose tissue mass (VAT) and subcutaneous adipose tissue mass (SAT) were computed (in cm 2 ) from these data, using the L4/L5
measures. Bowel fat was subtracted from the VAT. Body mass index (BMI, kg/m 2 ) was obtained from height and weight measurements at the time of the clinic visit. Similarly, waistto-hip ratio (WHR) was computed for each individual by measuring waist circumference (at the smallest point between the 10th rib and the iliac crest) and hip circumference (at the maximum circumference of the buttocks) with a steel tape at the time of the clinic visit and computing the ratio.
Genotyping
Whole blood obtained from each IRAS Family Study participant was frozen and stored at À701C, then shipped in batches to the Molecular Genetics Laboratory at Wake Forest University School of Medicine, NC, USA. Genomic DNA was extracted from the blood samples using PURE-GENE s DNA isolation kit (Gentra Inc., Minneapolis, MN, USA). DNA was quantitated using standardized fluorometric readings on a Hoefer DyNa s Quant s 200 fluorometer (Hoefer Pharmacia Biotech Inc., San Francisco, CA, USA) and stored at 41C. A 10 cM genome scan was performed by the NHLBI Mammalian Genotyping Service (MGS, Marshfield WI, USA) using Screening Set 10, which consisted of 383 markers. The mean7standard deviation (maximum) distance between the markers was 9.3273.33 (18.0) cM, with a mean7s.d. heterozygosity of 0.7770.06. Chromosomal maps were constructed using the marker order and distances from MGS (http://research.marshfieldclinic.org/genetics) for this Screening Set.
Statistical methods
Preliminary analyses: Demographic and other phenotypic data were summarized by recruitment center. Prior to the computation of any heritability or QTL linkage analysis, the obesity phenotypes were examined for the power transformation that best stabilized the variance while yielding approximate conditional normality. The best transformation was selected using regression models that adjusted for age, gender and center for BMI, and age, gender, BMI and center for WHR, SAT, and VAT. For all analyses reported in this paper, BMI and WHR were natural log transformed and VAT and SAT were square root transformed. To minimize the influence of outliers on our analyses, four observations that had extremely low fat areas were recoded (Winsorized) to Overall, ethnic-and center-specific maximum-likelihood estimates of allele frequencies were computed using SOLAR. Each marker was examined for Mendelian inconsistencies using PEDCHECK, 8 and any such genotypic inconsistencies were converted to missing. Each pedigree was examined for consistency of familial relationships using PREST. 9 If a hypothesized familial relationship was strongly inconsistent with the genotype data for that pedigree, then (1) the pedigree was modified when the identity by descent (IBD) statistics suggested a very clear alternative (eg full-sib to halfsib based on a mean IBD statistic of 0.26) or (2) a minimal set of genotypic data was converted to missing in order to resolve the problem. A total of 18 families (out of 66) had pedigree structures altered to reflect the most likely relationships using genome scan data. Three families were changed to reflect an individual who was likely adopted. In the remaining 15 families, at least one full-sib relationship was changed to a half-sib relationship. QTL linkage analysis: Estimates of heritability and the evidence for linkage were obtained using the multipoint variance component approach as implemented in the SOLAR software package. 10 The basic variance component approach to linkage analysis has been described extensively. [10] [11] [12] The approach employed is specifically designed to handle large, complex pedigrees like those recruited in the IRAS Family Study. In this approach, an arbitrary number of QTL (q i , i ¼ 1,2, y, n) and residual polygenes influence a quantitative trait (eg BMI). The individual's phenotype is decomposed into three components: a set of QTL effects of interest, an additive polygenic effect (g), representing the unspecified QTL loci assumed to act additively, and a random individualspecific environmental component (e). Under this model, the phenotype of the jth individual is
where q ji is the ith QTL effect, m is the grand trait mean, x j is the vector of covariates (eg age, gender, BMI, center) for the jth individual, and b is the vector of the corresponding covariate regression coefficients. Thus, the total variance (s 2 ) for a quantitative trait is partitioned into major genes (s qi 2 ),
, and environment (s e 2 ):
The trait covariance between two related individuals is taken to be
where s qi 2 is the additive genetic variance due to the ith QTL, Q Q i is the matrix whose elements are the estimated proportion of alleles shared IBD at that locus, F is the matrix whose elements are the theoretical proportion of alleles shared identical by descent (kinship matrix), and I is the identity matrix. Assuming multivariate normality, standard likelihood ratio tests for the additive genetic variance due to the ith QTL were computed. Specifically, the hypothesis of linkage was tested by computing the likelihood with and without the loci of interest and comparing the resulting likelihood ratio test to a 
Results
In all, 66 extended pedigrees (21 African-Americans from Los Angeles; 33 Hispanic from San Antonio; 12 Hispanic from San Luis Valley), representing 429 nuclear families and 1049 individuals with phenotypic and genetic data, were included in these analyses. Given the large family sizes, there were a total of 8438 relative pairs, which included 1424 sibling pairs, 2991 avuncular (eg aunt/nephew, etc) pairs, and 2883 cousin pairs (Table 1) . Participating family members were on average 43 y of age, 58% of the members were female, and 12.7% were diabetic ( Table 2 ). The estimated heritability (h   2   ) for BMI, WHR, and SAT was significant and consistent by center and ethnic group (Table 3) . Although statistically significant at each center, there was considerable variability in the estimated center-and ethnic-specific heritability (h 2 ) of VAT.
Whole genome scan QTL linkage analysis was performed on BMI, WHR, VAT, and SAT phenotypes. In order to search for genes influencing the propensity to deposit fat in the abdominal region, independent of obesity, we also performed linkage analyses for SAT, VAT, and WHR, after adjusting for (log-transformed) BMI. Figure 1 summarizes Table 4 lists all LOD scores of 2 or greater for each phenotype, with and without adjustment for BMI. Empirical LOD scores, which were computed using the lodadj procedure in SOLAR are also listed in Table 4 . In all cases, the empirical LOD scores were consistent with the likelihood-based LOD scores (Table 4) .
Body mass index
In the African-American pedigrees, there was evidence that BMI was linked to regions on chromosome 1p36 (ATCT051, 7 cM, LOD ¼ 2.14) and chromosome 3p26 (D3S2387/ MFD433, 7 cM, LOD ¼ 3.67) (Figure 2a ). In the combined Hispanic families, the strongest evidence for linkage to BMI was found on chromosome 17q23 at 79 cM (SNP427776/ D17S1290; LOD ¼ 2.76) (Figure 2b ). (Figure 3) , and to 8q24 (D6S502, 134 cM, LOD ¼ 2.06) in the San Luis Valley families.
Waist-hip ratio
Visceral adipose tissue
In the combined Hispanic-American families, the strongest evidence for linkage to VAT was found on chromosome 17q23 near D17S1290 (79 cM, LOD ¼ 2.15). However, the LOD score became nonsignificant (LOD ¼ 0.004) after adjusting the VAT phenotype for BMI. The only evidence for linkage to BMI-adjusted VAT was found at 11q12-13, near markers D11S2006 and D11S2371 (71 cM) in San Antonio Hispanic families (LOD ¼ 2.36) (Figure 4 ).
Subcutaneous adipose tissue
In African-Americans, there was evidence that SAT was linked to 3p26 near D3S2387 (0 cM, LOD ¼ 3.17) and 6q16 near D6S1056 (105 cM, LOD ¼ 2.01). However, the evidence for linkage to SAT at the 3p26 and 6q16 loci was no longer significant after adjusting for BMI. A region on chromosome 5 was linked to BMI-adjusted SAT in the combined Hispanic families (5q33, 161 cM, LOD ¼ 2.64) and in the San Antonio Hispanic families (LOD ¼ 2.35) ( Figure 5 ). The Hispanic families from the San Luis Valley showed evidence for linkage to BMI-adjusted SAT at regions on chromosome 8p12 near D8S1113 (76 cM, LOD ¼ 2.24) and 17p13, near D17S1308 (0 cM, LOD ¼ 2.06).
Discussion
While one of the strengths of the IRAS Family Study is the ability to examine a number of phenotypes related to obesity in two ethnic groups that were similarly ascertained, one needs to consider what impact multiple testing might have on the interpretability of our findings. Results of QTL analyses may be sometimes viewed as spurious due to many models being tested on many phenotypes within multiple group comparisons. In the results presented here, no corrections were made for analysis of multiple (and potentially phenotypically correlated) obesity traits. Within each phenotype, however, data were analyzed under a series of prespecified conditions. Thus, the results presented are based on limited numbers of analyses and not on 'searching' for models, phenotypes, or conditions that provided the greatest evidence supporting linkage. In order to evaluate the evidence for linkage from each analysis, a series of simulations Figure 1 Results of the autosomal genome scan in the Hispanic-American combined and African-American samples for the phenotypes of (a) BMI, (b) BMIadjusted WHR, (c) BMI-adjusted VAT, and (d) BMI-adjusted SAT. All phenotypes were adjusted for age and gender. In the Hispanic-American combined group, the phenotypes were also adjusted for center. BMI and WHR were log transformed, and VAT and SAT were square-root transformed. Chromosome number is along the X-axis.
QTLs for abdominal fat and BMI JM Norris et al were performed to estimate the empirical LOD scores, which are presented in Table 4 within parentheses next to the likelihood-based LOD scores. In this manner, simulationbased evaluations, clustering of linkage signals for multiple phenotypes, and replication from other studies serve as support for the findings observed. Several of our findings appear to replicate those of previous studies. For each region in which we observed an LOD score Z2.0, we have listed in Table 4 previous studies that have also reported LOD scores Z2.0 in that region for the same or related phenotypes, as well as potential candidate genes that lie in the region.
There have been only two previous genome scans for CTmeasured abdominal adiposity. The first was the Quebec Family Study, which examined 156 Caucasian nuclear families of French ancestry. 4 Half of the families were ascertained through an obese proband (BMI 432 kg/m 2 ) and the remainder were ascertained randomly. The second genome scan was carried out in the HERITAGE Family Study with 99 Caucasian and 105 African-American nuclear families that were ascertained based on the fact that they were sedentary. 3 The IRAS Family Study adds to these studies by providing data in an additional African-American sample, as well as providing the first genome scan results for abdominal adiposity in an Hispanic-American sample. Both of the previous studies adjusted their abdominal adiposity phenotype by total fat mass in order to examine the propensity to deposit fat in the abdomen, independent of overall obesity. In our study, we adjusted our abdominal adiposity phenotypes for BMI. While there is some controversy with regard to the validity of BMI as an estimate of total body fat, 22, 23 BMI is highly correlated with total fat mass in adults (0.8-0.9 kg/m 2 ), 24 and has been shown to be an acceptable estimate. 25, 26 Moreover, in the IRAS Family Study sample, BMI was highly correlated with fat mass, as estimated by bioelectrical impedance (r ¼ 0.91 and 0.95 for males and females, respectively). Although BMI may not be as precise as some other measures, such as total fat determination via underwater weighing, in studies of this size and kind, it is the most feasible measurement available.
In our report, we present both the BMI-adjusted and BMIunadjusted abdominal adiposity phenotype and discuss the biologic implications of each. WHR, and abdominal VAT and SAT represent different measures of abdominal adiposity and are distinctly different from overall obesity. However, it is possible that the more QTLs for abdominal fat and BMI JM Norris et al obese the person is, the greater the abdominal adipose tissue mass simply because the person has more fat mass to distribute. So in this instance an elevated LOD score might not reflect linkage to the abdominal adiposity phenotype, but linkage to obesity, and would essentially be a falsepositive result. Of greater concern may be that a composite phenotype that contains aspects of both obesity and regional fat deposition (eg unadjusted SAT) may be too heterogeneous of a phenotype for linkage analysis, and result in a false-negative finding. Adjusting these phenotypes for BMI removes the variability due to individual differences in the amount of total fat. A BMI-adjusted abdominal adiposity measure would be a cleaner phenotype on which to look for genes determining the regional deposition of fat, which would increase one's ability to detect linkage. There were several instances in which adjustment of the abdominal adiposity phenotype for BMI resulted in the disappearance of the evidence for linkage for that phenotype.
In the Hispanic pedigrees, both BMI and VAT were linked to 17q23. When we adjusted the VAT phenotype for BMI, the linkage signal disappeared in our families. This suggests that the QTL in this region may play more of a role in obesity in general, than in the deposition of fat in the viscera. Several candidate genes reside in or near this region, including the glucagon receptor gene (GCGR) and genes encoding the peptide YY (PYY), and the pancreatic peptide (PPY), both of which may regulate appetite and food intake.
The highest LOD scores in the IRAS Family Study were observed on chromosome 3p26 in the African-American pedigrees for both BMI (LOD ¼ 3.67) and SAT (LOD ¼ 3.17). When we adjusted our SAT phenotype for BMI, the evidence for linkage at this region disappeared (LOD ¼ 0.08). This, coupled with the finding of Hsueh et al 27 of linkage to 3p25.2 for the percentage of fat in the Old Order Amish pedigrees, suggests that the QTL that resides in this region may play a role in overall obesity rather than in the regional distribution D3S2387  MFD433  GATA131D  D3S4545  D3S2403  D3S3038  D3S2432  D3S1768  D3S2409  D3S1766  AATA058  D3S3039  D3S4529   D3S4523   D3S3045  D3S2460  D3S1764  D3S1744  AAT071  D3S1763  D3S2427  TTTA040  D3S2398  D3S2418 sample. BMI was log transformed and adjusted for age and gender. In the Hispanic-American combined sample, BMI was also adjusted for center. The X-axis represents map distance in centiMorgans.
QTLs for abdominal fat and BMI JM Norris et al of fat. The candidate genes, Ghrelin and PPARG, are located in or near this region, and have been found to be associated with several obesity-related phenotypes. 28, 29 We found several instances in which evidence of linkage was found only after adjusting the phenotype for BMI. We observed a broad linkage peak on 12q13-q24 in Hispanic- CD36L1, 31 and VDR. 32 After adjusting for BMI, we found linkage of SAT to 5q33 in Hispanic-Americans. The 5q33 region has previously been linked to obesity, 33 and potential candidate genes that are nearby include the glucocorticoid receptor (GRL) and b2-adrenoreceptor genes. Moreover, total fat-adjusted SAT was linked to a region relatively close by (5q31.2) in Caucasians in the HERITAGE study. 3 Other instances of promising linkage regions for genes controlling the deposition of fat in the abdomen include 8p12, wherein the ADBR3 gene resides, 8q24, and 17p13, a region in which other studies have found linkage peaks to obesity phenotypes 20, 34 The only linkage signal for BMI-adjusted VAT was found at 11q13 in Hispanic-American families from San Antonio. The UCP2/UCP3 genes are located in this region, and UCP2 has been linked to resting metabolic rate. 35 Under calorie restriction, UCP2 expression was induced significantly in the visceral fat but not subcutaneous fat of rats. 36 The paucity of linkage signals by our and previous studies could reflect the complexity of the VAT phenotype as indicated by its relatively low heritability. The environment may play a stronger role in visceral fat deposition, as shown by a higher responsiveness to caloric restriction than subcutaneous fat, 36 as well as a higher responsiveness to exercise training. 37, 38 By performing and reporting both unadjusted and adjusted linkage analyses, we hoped to demonstrate the complex and correlated etiologies of obesity phenotypes. Further work is needed to distinguish between QTLs that play a role in location of fat deposition vs obesity in general.
